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1 Introduction 

 

Femoral fracture reduction 

 

In most complete fractures, the two bone fragments are pulled apart by the muscles 

attached the bones. To treat a fracture, one has to pull the two ends of the bone back to 

into the normal position. Fracture reduction, fracture manipulation and fracture 

reposition are three terms used frequently to name this procedure. Fracture reduction 

indicates the whole process; fracture manipulation focuses more on movement of the 

fracture fragment; fracture reposition emphasizes more on the final result of position. 

 

Femoral fracture is a common injury due to major violent trauma. Fractures of the 

femur are among the most common fractures encountered in orthopedic practice. Since 

the femur is the largest bone of the body and one of the principal load-bearing bones in 

the lower extremity, fractures of the femoral shaft often are the result of high-energy 

trauma and may be associated with multiple injuries. 

 

Femoral fractures are among the most common injuries necessitating hospital 

admission [1]. The goal of treatment is to limit pain and to help the patient return to the 

level of activity before fracture. For most femoral fractures, operative treatment is 

more appropriate. 
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Figure 1-1: intra-operative femur fracture reduction 

 

 

In adults a femoral fracture rarely can be reduced and the extremity immobilized with a 

cast plaster. The femur is surrounded by large powerful muscles that exert angulatory 

forces on the fragments, in contrast to its use in a small child, plaster immobilization 

after a fracture of the femur in an adult usually leads to displacement, angulations, and 

unacceptable position, thus internal fixation is compulsory. 

 

Closed locked intramedullary nailing (IN) is a widely accepted technique to treat 

femoral fracture, however, closed indirect femur fracture reduction during the 

intramedullary nailing sometimes is frustrating and time-consuming (figure 1-1), 

Mal-alignment and high intra-operative radiation exposure occurred. It is even more 



 - 7 -  

                                  

difficult in case of minimally invasive technique. Consequently, the incidence of 

femoral malrotation after intramedullary nailing was quite high, rotation malalignment 

exceeding 15º after intramedullary nailing for femoral fractures was found in 28% of 

the patients[2]. And some studies dealt with the orthopedic problems of the lower 

extremity associated with femoral malrotation, such as degenerative hip joint disease 

([3], [4], [5], [6]) patellar-femoral complications([7], [8]), and lipped capital femoral 

epiphysis [9]. 

 

Minimally invasive surgery ( MIS) 

 

Hippocrates(460–375 BC), Celsius (AD 357–412), Galen (AD 129–201), and other 

physicians believed that a healthy body was maintained through careful attention to 

diet, environment, and exercise. Modern experimental medicine explored new concepts 

of therapy, assuming that the body’s response to illness or trauma is the normal 

physiologic reaction rather than the pathologic consequences. The most important 

advancement in this direction was the introduction of minimally invasive surgery 

(MIS). This new approach has completely revolutionized modern surgical practices. 

Surgeons were attempting to promote natural healing processes rather than suppress 

them. 

 

As far as fracture treatment concerned, the vascular supply of the bone is the basis of 

all fracture healing. In 1932 Girdlestone warned "there is danger inherent in the 

mechanical efficiency of our modern methods, danger lest the craftsman forget that 

union cannot be imposed but may have to be encouraged. Where bone is a plant, with 
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its roots in soft tissues, and when its vascular connections are damaged, it often 

requires, not the technique of a cabinet maker, but the patient care and understanding 

of a gardener." 

 

The Surgery chosen should minimize additional soft tissue damage and bone injury. 

With a sound biomechanical and biochemical environments, a fracture bone can heal 

completely. Therefore, the current treatment focuses on the protection of biological 

environments in fracture area. The conflict between the need for absolute anatomical 

reduction and the desire for soft tissue preservation is analogous to the saying "wash 

me but don't get me wet". How should the soft tissues properly be managed in vivo 

[10]? Robot-assisted femoral fracture reduction is potentially able to deal with these 

problems effectively. 

However, present "minimally invasive" techniques may appear "maximally invasive" 

to future generations. Therefore, it is worthwhile to investigate the systemic and local 

response to fracture manipulation, closely associated with robotic technique. 

 

Response from Fracture Manipulation 

 

Systemic inflammatory response (SIR) 

 

A certain level of trauma burden is corresponding to the extent of response that will 

occur [11] [12]. Some researchers pointed out that biomechanical markers can measure 

the sequelae of surgical procedures[11], for example, the inflammatory response 

induced by femoral nailing was biochemically comparable to that induced by 
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uncemented total hip arthroplasty [12]. The activation of inflammatory cascades by 

trauma and surgery may have important consequences for the patient[12]. Thus, 

fracture reduction might raise systemic inflammatory response and subsequently might 

cause serious damage to the body in some cases. 

 

Fat embolization is caused by the liberation of intramedullary contents from unstable 

fractures and the surrounding tissue. Consequently, fracture manipulation would affect 

this process, and even fracture traction did not abolish the amount of fat 

embolization[13]. 

 

However, fat emobilzation is not the only factor affecting the lung. Even more 

important is that the systemic inflammatory response caused by the fracture or by its 

management is a factor that could worsen any damage to the lung [14], and a cascade 

of inflammatory reactions initiated immediately after trauma and fracture treatment 

may amplify these reactions[15].  

 

Two literatures [16] [17] inferred that fracture haematomas (FH) appeared to be a 

potentially important source of immunomodulatory cytokines in trauma. Inflammatory 

factors were going to come from the haematoma or from taking it out, which might be 

caused by the movement of fragments. FH are rich in Polymorphonuclear Neutrophil 

(PMN) -specific chemokines such as interleukin-8. PMN responds to both 

interleukin-8 and bacterial stimuli with calcium ([Ca2+]i) fluxes, which could initiate 
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respiratory burst. Study showed that small amounts of FH in plasma can exaggerate 

PMN ([Ca2+]i) flux and responses to subsequent bacterial stimuli. These findings were 

consistent with the hypothesis that release of FH into the circulation primes PMN [17].  

 

Compartment syndrome 

 

A compartment syndrome is a condition in which high pressure within a closed space 

(muscle compartment) reduces capillary blood perfusion. Clinical diagnosis of 

compartment syndrome can be difficult. Less than ideal function after fracture care 

may be the result of clinically unrecognized compartment syndrome[18].  

 

Changes in compartment pressures have been noted during traction, reduction, and 

intramedullary fixation of fracture [19]. Changes in limb length and compartment 

volumes were suspected as contributing factors [20]. The reasons for an increase in 

compartment pressure during fracture treatment in the lower leg are high position of 

the leg (hydrostatic effect), stretching of the soft tissue by reduction (decrease of 

volume), and possibly hematoma with outflow into the deep flexor compartment 

(increase of content)[20]. 

 

Fracture reduction often involves restoration of length of recently traumatized 

extremities that are prone to swell. It was found that stabilization without immediate 

reduction may offer advantages in the seriously injured patient[21] [22], and small 

changes in available volume may lead to significantly greater changes in pressure.[23]  
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Immediate microcirculatory derangements in skeletal muscle and periosteum 

 

Pathophysiologic pathways, which are activated after trauma to skeletal muscle and 

periosteum are of essential clinical importance, because they trigger bone healing and 

decisively determine the patient’s prognosis[24].There is clinical consensus concerning 

the integrity of musculoskeletal soft tissues and their influence on bone healing. The 

pathogenetic influence of fracture-induced cellular and microvascular changes within 

the surrounding skeletal muscle and periosteum possibly resulting in non-union. Early 

fracture manipulation would cause non-union[25], fracture manipulation may play an 

important role to by adversely affecting microcirculation in both skeletal muscle and 

periosteum. 

 

Robotic Surgery 

 

Technology is revolutionizing the medical field with the development of robot. A robot 

is defined as a computerized system with a motorized construction (usually an arm) 

capable of interacting with the environment. In its most basic form, it contains sensors, 

which provide feedback data on the robotic current situation, and a system to process 

this information so that the next action can be determined.  

 

Robotic surgery can be further divided into three subcategories depending on the 

degree of surgeon interaction during the procedure: supervisory-controlled, telesurgical, 

and shared-control (http://biomed.brown.edu/Courses/BI108/BI108_2005_Groups/04/). 

In a supervisory-controlled system, the procedure is executed solely by the robot, 
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which will act according to the computer program. The surgeon is still indispensable in 

planning the procedure and overseeing the operation, but does not participate directly. 

A telesurgical system, also known as remote surgery, requires the surgeon to 

manipulate the robotic arms during the procedure rather than allowing the robotic arms 

to work from a predetermined program. Using real-time image feedback, the surgeon 

is able to operate from a remote location using sensor data from the robot. As the robot 

is still technically performing the procedure, it is considered a subgroup of robotic 

surgery. The da Vinci® Surgical System, the current leading device in this field, 

belongs to this section of robotic surgery. The third shared-control system requires the 

greatest involvement of the surgeon. The surgeon carries out the procedure with the 

use of a robot that offers steady-hand manipulations of the instrument. This enables 

both entities to jointly perform the tasks. 

 

Robots have already been employed for several years in medical applications (Table 

1-1). Robotic technology was employed in areas of surgery, in which precise 

movements are required in small operative fields such as cardiac [26]and 

prostate[27]surgery. The application of robotic surgery is also widespread in 

orthopedics surgery because the technology is well suited to bones. Since bones, 

unlike soft-tissues, are less prone to deformation when pressure is applied, computer 

navigation and mapping of bones, which use software based on the rigid-body 

assumption, are accurate and efficient.  
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Table 1-1 Medically type approved robots[28]  

 

Robots with low loads and restricted working areas are to be found in surgery, i.e. 

endoscopes and other small guided instruments. The loads that can be manipulated by 

these robots are in the range of only a few kilograms. Robots for medium payloads are 

employed in the field of orthopedics and neurosurgery. The model RX 90 from 

Staeubli Co. Ltd, with six degrees of freedom, a robot with serial kinematics and thus a 

greater positional working area, is more suitable for fracture reduction[28]. 

 

Robot-assisted fracture reduction 

 

Computer technique has been used in the fracture treatment [30] and evaluated in the 

context of clinical application [31, 32]. Virtual fracture reduction therefore was 

invented, under the motivation of reducing the radio dose and increasing accuracy 

[33-37]. With the use of navigation system, closed real-time virtual fracture 

manipulation become reality, based on the introperative fluoroscopy [38, 39]or 
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preoperative CT scan[40]. The fluoroscopy-based navigated reduction is produced by 

Brainlab Company; its new software (version 2.6) allows surgeons to compare the 

femur rotation angle with the healthy side. This imagine-guided technique provides 

dynamic display for the process of fracture manipulation. A further study was to get the 

internal instrumentation involved[41],in which connection to the database of 

manufactory was attempted [37]. Anyway, that did not include the active reduction 

technique itself, just an active intra-operative measurement. The feature of the robotic 

reduction is to create a new fracture reduction fashion, because the key advantage of 

robotic surgery compare to computer-assisted is its accuracy and ability to repeat 

identical motions. A robotic motion tracing the scheduled trajectory is essentially very 

accurate. 

 

As we know, MIS stimulates surgeon to improve their instruments. With the 

emergence of robot technique, for the first time surgeons have the chance to improve 

themselves, for example, robot- assisted fracture reduction has the potential to create a 

single-pathway, one-time fracture reposition with fine-tune adjustment, this offers the 

potential for a truly minimally invasive and minimally disruptive fracture manipulation. 

Therefore it is wise to investigate the surgical pathologies involved in robotic surgery. 

 

The force and the torque requirement of human femoral fracture reduction has been 

measured [42], and failsafe mechanisms was installed in telescopic and rolling 

direction, robot-assisted fracture reduction was effective and safe [43] [28], and can be 

based on 3D fluoroscopy scan in our team[44](figure1- 2). The full 3D reconstruction 

from the fracture images helps to make quite precise segment recognition. Meanwhile 

reposition path planning and reconstruction of the bone can be conducted on a 
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computer preoperatively and precisely. Furthermore the systems are connected through 

LAN to exchange information each other[45]. The position tracking system calibrates 

the relative position among the patient, the robot and the 3D imaging system. 

Therefore the developed robot is designed to hold a patient's foot, which is the same 

way as the conventional manual reduction equipment[45]. Generally speaking, a real 

minimally invasive fracture reduction with high accuracy, which is conducted by robot, 

is forming. 

 

Figure 1-2: Tele-manipulator system overview.1: Iso C 3D arm .2: navigation system 

(Brainlab). 3: infrared camera.    4: RX 90 robot.       5: Robot control machine.  

6: manipulating computer. 
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2 Previous Work and Motivation 

 

Previous Work 

In our team, in 2005, Goesling[43] tested whether robot-assisted fracture reduction 

could improve the quality of reduction while reducing the amount of radiation 

exposure. An industrial robot (RX 60, Staeubli Tec-Systems, Bayreuth, Germany), 

programmed with V+, was used for the fracture reduction. It was developed to allow 

fracture manipulation with a joystick as input device. The system provided the surgeon 

with haptic and metric feedback. Fifteen synthetic femurs were broken and reduced by 

simulated open (group A) and closed techniques (group B).  These techniques were 

compared with the robot-assisted reduction with (group C) and without (group D) 

haptic and metric information. An image intensifier was simulated with two orthogonal 

cameras. All reduction techniques showed minor malalignment.  In group C, the 

alignment was: procurvatum/recurvatum 0.6º (0–2.0º); varus/valgus 0.8º (0–3.0º); and 

axial rotation 0.8º (0–3.1º). A significant difference was seen between the groups 

(two-way ANOVA, p<0.001). Axial rotation was significantly lower in group C than in 

group B (1.9º; p< 0.001). The residual varus and valgus deviation was higher in group 

C compared with group A (0.4º, p = 0.03). Robot-assisted fracture reduction of the 

femur provides high precision in alignment while reducing the amount of 

intra-operative imaging.  

 

In our team , in 2006, westphal [44] employed a Staubli RX 90 robot to present a 

tele-manipulator system for the robot-assisted reduction of femoral shaft fractures. The 

tele-manipulated reposition was performed with a 2D input device with haptical 
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feedback based on 3D imaging data, which can be acquired intra-operatively. With this 

system, we performed tests to measure achievable reposition accuracies on artificial 

broken human femur bones without soft tissues. Furthermore, we performed tests for 

the 3D reposition on complete human legs. The experimental set-up was presented in 

fig 1-2. We could show that the 3D tele-manipulated reposition of such fractures is 

possible yielding very good accuracies in an intuitive and efficient way. Robot assisted 

fracture reduction has the potential to improve the reposition accuracy and furthermore 

reduce the X-ray irradiation exposure.  

 

Motivation 

 

Robotic surgery offers potential advantages in fracture treatment. It should be highly 

accurate and is able to repeat identical motions. Fracture fragments can be reduced by 

a direct, and damage-limiting path with fine-tune adjustment[45]. However, the 

question remains, does this robotic fracture reduction method have any benefit in 

terms of less tissue damage and associated improvements in vivo?  

 

An animal model for robot fracture reduction research is necessary to study the 

physiological, immunological aspect of the robot technique in the treatment of long 

bone fracture. Rat is the most widely studied animal in the field of trauma and fracture 

research. Most of the important kits for endocrinological, immunological or 

inflammatory research in rats are available. In addition, it is easily handled and low in 

cost. Thereby, we were motivated to develop a new model for robot-assisted femoral 

fracture reduction in a rat fracture model. 
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Hypothesis 

It was hypothesized that robot-assisted fracture reduction in a rat fracture model was 

feasible, effective and reproducible. 

 

Research aim 

In such an exploratory research, three challenges would be faced, one was to design an 

external fixator to offer a handle for robot-assisted fracture reduction; another was to 

develop a novel surgical strategy to minimize the surgical trauma; and finally, the 

robotic reduction software was specially designed and the whole setup was set to work 

well. 

 

Research approach 

 

The research route is: on the one hand, whether or not the fracture reduction causes 

significant inflammatory response in the body and whether or not the response would 

be clinically significant? On the other hand, if this is the case, can it be minimized by 

standard fracture reduction procedure? The new animal model would be developed 

based on the research framework (figure 2-1) with notable priority to minimally 

invasive surgery, as it is the highlight of the study. 

 

To our understanding, the damage caused by fracture manipulation is not only an issue 

of ‘yes or no’, as it seems to be a logical consequence of fracture manipulation, more 

likely and more important, is the correlation with ‘how and when’ this damage occurs. 

Preferably with the precise control of a robot, the data can be clarified in terms of force 
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specificity, time specificity, as well as pathway specificity, and associated with various 

time points. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure2-1: research frameworks 
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3 Material and methods: 

 

Anatomical and biomechanical investigation of rat femur 

 

In order to modify surgical instruments adapted to the rat femur, 20 amputated rat 

femurs from Sprague-Dawley (SD) rats aged 9-11 weeks were dissected. The 

anatomical landmarks were identified (Fig 3-1). The length from lowest point of the 

intracondyle fossa to the most proximal point of 

the femoral head, and the diameter at the point 

of distal 1/3 of rat femur in two perpendicular 

planes were measured (figure 3-2). Three holes 

(1.0mm) were drilled to evaluate the bone 

quality of the rat femur (figure3-3). 

 

 

 

Fig 3-1: The rat femur: a) femoral head  b) trochanter major c)trochanter minor d) 

trochanter tertius( third trochanter) e) condyles medial f) condylus lateral 

g)epicondylus medial  h)epicondylus lateral 
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Fig 3-2:  The Morphologic measurements of the first 20 rat femur, contributed to the 

knowledge for the surgical strategy modification 

 

 

 

Fig 3-3: Three Ø 1.0 mm holes were drilled between the 2nd and 3rd pin, weakening the 

rat bone. The bone was broken by controlled bending-force without influencing on the 

anchorage of the adjacent pins  
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External fixator: 

 

Previous rat model studies have shown that the stability of external fixators using 

1.2mm bi-cortical pins is superior compared to the stability of those with 1.0mm 

pins[46], hence 1.2mm threaded pins were selected for this experiment. The first 

generation of external fixation, with bone cement integrating 4 pins (figure3-4), is 

used for manual fracture manipulation, allowing easy implant fixation during surgery. 

It was supposed to be used as the first step to test if any significant response arises 

there. The second generation of external fixator was special design (figure 3-5). This 

fixator (figure 3-6) was composed of plastic washers, with two parallel grooves, 

holding pins and bars (Ø 2.0mm nails), with 4 corresponding Ø 2.5mm nuts. Blocks 

were clamped on proximal and distal two pins by nuts (fig 3-7), to serve as connector 

for robot. To prevent from loosening under dynamic and cyclic forces, Standard 

Ratchet Wrench (Proxxon Germany) (figure 3-7) was employed and surgical 

instruments adapted to rat were modified. 

However, this structure hardly allowed 

angled pin fixation. Four pins had to be 

inserted percutaneously and fit the pre-set 

external fixator. This external fixator can 

be used for the robotic reduction to test 

whether or not the robotic reduction would 

decrease the response. 

 

Figure 3-4 : Four threaded pins were inserted into rat femur percutaneously, with bone 

cement holding these 4 threaded pins with another 2 pins (Ø1.5mm) embedded inside 

the bone cement 
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Figure3-5: Front and top view of the customized external fixator for rat femur 

 

 

 

 

 

 

 

 

Figure 3-6 External fixator. a: rat femur; b:2.0 mm metal bar; c:1.2mm half-threaded 

pin; d: plastic washer; e: 2.5mm nut;  f: metal clamper;  g: the handle for robot arm  

 

A) Bicortical pins 

 

 

B) Horizontal rods 

 

 

C) Fixation discs 

 

 

D) Manipulation connector 

     (removable) 

C) 
B) 

D) 

A) 

D) 

B) 

C) 
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Surgical Strategy 

 

The femur of a 3-4 months old SD rat is on average 3.5cm long with a diameter of 

approximately 0.5 cm. The space between the anterior and posterior muscle can be 

extended in the lateral side with only very thin layer of soft tissue left here. The third 

trochanter of rat is quite prominent and is a reference landmark for inserting pins 

reproducibly. We believed that with a customized 4-hole drilling guide, it would be 

possible to achieve closed instrumentation and keep the 4 pins fit to the pre-set 

external fixator and reproducible fracture reduction. 

 

On the other hand, since the bone osteotomy is not the same as the real fracture in 

every aspect, the rat femur was fractured under a controlled bending force after three 

holes were drilled between the 2nd and 3rd pin. The interval space between the 2nd and 

3rd pin was around 0.98 cm (including the diameters of two holes), which was thought 

to be wide enough to avoid the influence upon the pins nearby. Other interval spaces 

were set based on the external fixator.  

 

The amputated rat hind limbs were collected and deep-frozen. Prior to operation, it was 

kept in normal room temperature for 9 hours for defrosting. One orthopedic surgeon 

accomplished 20 operations according to the following surgical strategy: 

 

1  Shave the rat limbs. 

2  Palpate for the lateral condyle and third trochanter, then extend the lateral 

space between anterior and posterior muscles. 
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3 Clamp the rat femur on the operation table with a special jig (fig 3-8b), 

which holds the lateral condyle with two needles and a plate under the 

operation table; the two small needles penetrate the lateral condyle 

avoiding contusion on muscles. 

4  Place the 4-hole drilling guide (Fig 3-8a) laterally, according to the 

position of third trochanter of rat femur. Penetrate to touch bone surface. 

Use a pin to check if each hole is in the middle of the rat femur. Check 

the location of the drilling guide by fluoroscopy.  

5  Drill holes (Ø 0.8 mm) with Dremel power system (Fig 3-9). Make sure to 

have the feeling that two cortices have been penetrated. If not, adjust a 

little bit, drill again and keep it angulated as little as possible. Place pins 

inside the holes immediately after drilling, avoid missing the position. 

6   Screw Ø 1.2 mm threaded pins (Fig 3-10) gently as not to cause a 

fracture. 

         7   Drilled three Ø 1.0mm holes in the middle of the 2nd and 3rd pin.  

8   Record the operation time. 

9   Dissect rat limb to extract femur. 

10  Pin placement was scored as four levels: score 1(excellent): 4 holes were 

drilled, no void holes, and 4 pins were inserted with excellent alignment, 

less than 10 degree angulation; score 2( good) 1 or 2 void holes, and with 

less than 20 degree angulations; scored 3( poor), more than 2 void holes, 

or the pin angulated more than 20 degree; score 4( broken) the rat femur  

was broken. 

11  Morphological measurement (Figure3-11) 
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Figure 3-7 Surgical instruments  a: Screwing handle  b: Wrench (Standard Ratchet 

Proxxon Germany)  

 

 

Fig 3-8 a : the 4-hole drilling guide. b: the jig with two small needles on tip, which is 

designed to penetrate the lateral condyle of rat femur without contusion on muscles. 
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Fig 3-9: Power system (DREMEL 300 series 300-1/55 )  

 

 

Fig 3-10: The 4 half-threaded pins were inserted into rat femur percutaneously with the 

4-hole drilling guide. 
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Fig 3-11 parameters of anatomic measurement 

 

 

 

 

 

 

Robot System 

Robot  

 

Robot Stäubli RX 90 (Stäubli Tec-Systems, Faverges, France) was employed (Fig 

3-12.1), connected to a standard PC (Pentium 4, 2.8 GHz) running Microsoft Windows 

2000, with its CS7B controller unit programmable in V+. The structure of Robot is 

presented in Fig 3-12. 1. The general presentation of RX90 is following: 
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1 The arm consists of segments or members interconnected by joints.   

2 Each joint comprises an axis around which two members pivot.  

3 The movements of the robot’s joints are generated by brushless motors coupled to 

resolvers. Each of these motors is equipped with a parking break.  

4 This reliable and robust assembly associated with an innovative counting system 

allows the absolute position of the robot to be known at all times. 

 

 

 

Fig 3-12.1 The various elements of the robot’s arm are: the base (A), the shoulder (B), 

the arm (C), the elbow (D), the forearm (E) and the wrist (F) 
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5 The arm assembly is sufficiently flexible and is able to perform a great variety of 

applications. 

6 The robot arm assembly thus contains the motorization, brakes, motion transmission 

mechanisms, cable bundles, pneumatic and electric circuits for the user and the 

counterbalance system. 

7 Of simple construction, the RX90B arm assembly consists of a rigid and encased 

structure (protection IP65 to standard NF EN 60529) to protect it against external 

aggressions. Its design is based on transmission modules: JCS (Stäubli Combined Joint) 

used on joints 1, 2, 3 and 4 (see figure 3-12.1). 

8 The wrist consists of joints 5 and 6 (figure 3-12.1). 

9 The arm has a built-in spring counterbalance system giving an attractive low weight 

system. 
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The overall dimensions of the arm with standard geometry is presented in Fig 3.12.2 

 

  

 

Fig 3-12.2 form http://www.staubli.com/WEB/Robot 
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The performance characteristics is presented in Fig 3-12.3  

 

 

 

Fig 3-12.3 form http://www.staubli.com/WEB/Robot 

 

The electric wiring of the arm is assembled into a harness including several cables 
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supplying the motors (power, brakes, resolvers), the solenoid valves, the limit switches 

and user connector. These components are connected by means of removable 

connectors. 

 

Figure 3-13 presents the robot for clean room application. The harness also includes 

pneumatic hoses, which supply air to the solenoid valves (EV1 and EV2). The robot 

also has a pressure source (P2) close to the tool clamp. The outlets of the solenoid 

valves EV1 and EV2 are on the forearm: A1 and B1 for solenoid valve EV1. A2 and 

B2 for solenoid valve EV2. 

 

Force-Torque-Sensor 

 

The robot is able to exert greater forces than required for reduction. For this reason, an 

intermediate control function needs to be inserted in the form of a force-torque-sensor. 

This generates an online recording of the forces and moments as they are exerted in all 

three axes. The variable definition of the threshold values is also necessary and ensures 

that the robot receive feedback and automatically maintains its present position [28].  

 

Force-torque-sensor (FT Delta SI-660-60; Schunk, Lau®en, Germany) was interposed. 

This force torque sensor is able to perform online measurements of the forces behind 

the robotic movements in the x-,y-and z-axis, record torque moments around these 

axes, and possibly define threshold values at which the robot automatically shuts 

down. 
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Fig3-13 from http://www.staubli.com/WEB/Robot 

 

 

 

Evaluation of Robotic fracture reduction 

 

Since the software was designed to command the robot to reduce the fracture 

automatically, there should be no human error involved in the reduction process. The 

theoretical accuracy of the robot arm is 0.02mm (http://www.staubli.com/WEB/Robot). 

Generally speaking, the only possible error in the process was the instability between 

the robot arm and the bone via the connecting fixator. However, the forces required to 
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manipulate the rat femur were very low and instability was highly unlikely to occur 

given the robust design of the fixator mechanism. The connector between the table and 

fixator was 3-dimension adjustable arm holder (ball holder), which was convenient to 

close up to the position of robot arm. The connector (fig3-14) between the robot and 

fixator was press-fit designed, which was regarded to be rigid enough in the condition 

as only few loads were needed to manipulate the rat femur. Therefore, the aim of the 

evaluation of robotic reduction was to show if it works, other than biomechanical 

analysis. 

 

 

Fig3-14 connectors: A: connector between the robot and the fixator  B: connector between the 

table and the fixator 

 

Reproducibility in terms of reduction times 

 

The reproducibility of this setup was investigated in terms of reduction repetitions in 

eight naked rat femurs. Four pins were inserted into each rat femur in a line, as the 

reference mark to evaluate the result of fracture reposition. A digital caliper was used 
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to measure the distance between the 2nd and 3rd pin at the entry point into bone, 

including the shafts of the two pins. Two threads along with the proximal and distal 

two pins were used to identify if obvious angular error there. After connection with the 

table and robot, three holes were drilled in the middle of the 2nd and 3rd pin to weaken 

the bone (fig 3-15). When the bone got fractured under the controlled force, due to the 

preload of the whole construction, there was slight displacement, which was reduced 

immediately by adjusting the ball holder, with aim to have a good observation for the 

following automatic fracture reposition. Therefore the distance between the second and 

third pin was decreased in some rat femur because of the bone defect. 

 

 

Fig 3-15 the rat femur is connected to the table and robot, the 4 pins in a line, three 

holes have been drilled to weaken the bone, the black arrow indicates the distance 

measured, including the shafts of these two pins. 
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Once the ball holder was tighten and all the connections checked, the robot was 

manually guided to move and finally is ordered to find the way back. That is the 

automatic fracture reduction and robot can repeat the trajectory a further ten times. Any 

displacement error was measured as described above. The differences between the 

one-time reduction and the 11th time reduction was calculated as a measure of 

reproducibility of fracture reduction. 

 

Reproducibility in terms of different reduction pathway 

 

Since the robotic reduction was designed to find the trajectory of displacement back, 

different displacement means different reduction pathway (fig3-16). In the same setup 

outlined above, the distal fragments were displaced in the random combination of 

different direction and different distance around the fracture area. Two naked rat 

femurs (A and B) were tested. The 

alignment and distance between the 

2nd and 3rd pin were measured after 

each reduction pathway. The method 

of measurement was the same as 

outlined above. 

 

 

 

Fig 3-16: After the fracture the rat femur was displaced manually together with the 

robot-arm, the robot would trace the trajectory back. 
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Version 11.0 SPSS (Inc., Chicago, Illinois, USA) was used for statistical analysis, 

P<0.05 was accepted. 

 

 

Feasible test on whole rat body 

 

16 rat hind limbs of 8 dead rats (6-month SD rat) were used to practice. Four pins were 

inserted into the rat femur percutaneously (figure 3-17). Eexcellent pin-alignment was 

achieved in 11 rat femurs, in four the alignment was good and only in one poor 

alignment was the result. Fluoroscopy was used to check that every pin was secured to 

the opposite cortices (figure 3-18). Rat was then placed on a stable table. The block 

and the manipulation connector were installed, the proximal side was connected to the 

table and the distal side was connected to robot (figure 3-19). The robot was mounted 

on a trolley with lockable wheels and making the entire system completely mobile. The 

wheels of the trolley can be locked and additional supports extended. This ensured that 

the robot was stationed at a fixed point next to the rat. 

  

Figure 3-17   
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Figure 3-18 Figure 3-19 

 

  

 

 

 

 

 

 

Figure 3-20 figure 3-21 

A small incision was then made in the middle of the 2nd and 3rd pin. Three Ø1.0mm 

holes were drilled at the same point with different directions in the rat femur to 
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facilitate a controlled fracture. Since the robot is able to find the defined position, it 

was decided to fracture the bone by moving the robot arm to introduce bending and 

longitudinal force until the fracture occurred. Once the fracture was obtained, the 

robot arm was stopped and ordered to find the prior position back. After that, the robot 

arm was manually guided to displace the fragment around the fracture area (figure 

3-20). Finally, the robot was instructed to return the arm. This displacement and 

reduction process could be repeated as often as necessary. After fracture manipulation, 

two horizontal bars were mounted to stabilize the fixator, and the nuts were tightened. 

 

However, due to the closed instrumentation, without direct vision of the rat femur and 

the pin entry point, the fracture fragment alignment could only be evaluated by 

fluoroscopy or by the alignment of the pins. The distance of the second and third pins 

was a good mark to evaluate the length of rat femur after fracture reposition; the 

lateral and anteriorposterior (AP ) fluoroscopy was used to examine the angulations 

(fig3-21 ). Three dead 6-month SD rat cadavers were used and their 6 rat hind limbs 

were used for testing. The distance between two pins was measured by a digital 

caliper before fracture, after fracture, after one-time robotic reduction, after ten-time 

robotic reduction and after fifteen-time robotic reduction respectively. The measure 

point was close to the skin as much as possible, 
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4 Results: 

Morphologic and biomechanical investigation on rat femur 

In the morphologic study it was found that the rat’s femur articulating with the pelvis 

was similar to hip joint of the human being. Rat’s knee joint was also similar to that in 

the human. The rat’s thigh has similar muscular compartments to the human thigh for 

the hip and knee movement. There was a small fovea (fovea capitals). The greater 

trochanter (trochanter major), the lesser trochanter (trochanter minor) and the third 

trochanter (trochanter tertius) were prominent. The trochanteric fossa was deep and the 

intertrochanteric ridge (crista interchanterica) was present between the lesser and 

greater trochanter.(figure 3-1) 

 

Table 4-1 initial morphologic measurement
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  Table 4-1 The anatomic measurements of the first 20 amputated rat hind limbs used 

for instrument modification. 
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The morphologic measurement was fulfilled in the first 20 amputated rat hind limbs 

with the aim to have insight into the anatomy of rat femur. Based on these data (table 

4-1), a 4-hole drilling guide was designed. As to the evaluation for the quality of rat 

femur, three Ø 1.0 mm holes were drilled in the rat femur at the same position, which 

made the rat femur quite fragile, and easy to facilitate a controlled fracture here, and no 

pin nearby was influenced during frature. 

 

Evaluation of Surgical Strategy 

 

Another 20 amputated rat hind limbs were operated according to this surgical strategy. 

The rat femurs were taken out after operation and measured as shown in Fig. 3-11. The 

measurement data was shown in table 4-4. These rat femurs were divided into two 

groups according to the length of rat femur. The length1 of group one ranged from 

3.70cm to 4.00cm; group two ranged from 3.20cm to 3.50cm. The operation time was 

5 -13 minutes in group one and 8-20 minutes in group two. 

 

The pin placement was scored as four levels: scored 1(excellent): 4 holes were drilled, 

no void holes, and 4 pins were screwed with excellent alignment, less than 10 degree 

angulated; scored 2(good) 1 or 2 void holes, and the pins angulated less than 20 degree; 

scored 3(poor), more than 2 void holes, or the pins angulated more than 20 degree; 

scored 4(broken) the rat femur was broken. Table 4-2 showed the pins placement of 

two groups. Two femurs were broken in group two. It was stressed that the pins should 

be sharp and screwed gently. 
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  Table 4-2 Pin placement of two groups of rats 

 

 

Table 4-2  According to the length of rat femur, two groups were classified, group one: 

the length1 ranged from 3.70cm to 4.00 cm; group two: ranged from 3.20cm-3.50cm.  

 

 

  Table 4-3 accepted operation in two groups of rats 

group    operation acceptable  

a b total

1 9 1 10

2 4 6 10
total 13 7 20  

Table 4-3,  pin placement scored 1 and 2 were accepted to proceed to operation, 

scored 3 implied too much soft tissue damage and less stability and these were 

excluded, scored 4 was broken bone. Therefore, the score 1 and 2 were put together as 

operation acceptable group (group a); others as operation unacceptable group (group b), 

p<0.01 
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Table 4-4 : Morphological measurement of the second 20 rat femurs  

 

 

As table 4-2 showed, in group one, in 5 out of 10 rat limbs, pins were inserted with 

excellent alignment, only one scored poor, no broken femur; in contrast, in group two, 

no excellent alignment was achieved, 2 femurs were broken, among the rest in this 

group, one half were good, another half were poor. The scores 1 and 2 were thought to 

be acceptable to proceed to operation, combined as acceptable group (group a). Score 3 

was regarded as unacceptable, for suspicion of too much soft tissue damage and less 

stability, hence included in group b together with score 4(table 4-3). 

Table 4-4 anatomic measurement of rat femur
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The parameters of morphological measurement were illustrated in figure 3-11. The 

data were presented in table 4-4. Scatter graphs showed possible correlations between 

the length1 and length2 in group one. Since third trochanter is a very important 

reference during surgery, and it was believed that the length 2 is a key factor for the 

reproducible placement of the 4-hole drill guide, we studied the relationship between 

the length1 and the length2 in group one. 

 

In the analysis of the pin alignment, Pearson Chi-Square is not reliable; the Fisher's 

Exact Test was used. Considering the fact that the longer the rat femur was, the greater 

the surgical success, using one-sided test would make sense, P=0.029. The success rate 

between the two groups was statistically different. 

 

As to the relationship between the length1 and the length 2, the one-sample 

kolmogorov-smirnov test indicated a normal distribution. Bivariate correlations were 

tested, correlation was significant at the 0.01 level (2-tailed) r=0.782. Then Linear 

Regression Equation was calculated, the length1 was regarded as dependent variable, 

F=12.595, p=0.008<0.01, the Linear Equation (Length1 = 3.039+0.579×Length2) is 

valid. 

Evaluation of Robot-Assisted Fracture Reduction 

Reproducibility test on naked bone 

As to the reproducibility of robotic-assisted rat femoral reduction in this setup, no 

abnormal angulations had been observed; the data of the distance between the 2nd and 

3rd pin were presented in table4-5 and table 4-6.  
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Table 4-5 reproducibility in terms of reduction
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Table 4-5 the distance between the second and the third pin was measured after 

one-time reduction and ten-time reductions respectively. Due to the bone defect, and 

for observation, the distance between the second and third pin was shortened a little by 

adjusting the ball holder. Hence the initial distance between the second and the third 

pin in some rat femurs is around 8-9 mm (rat3,4,5) 

Table 4-6  reproducibility in terms of reduction pathway 

Reduction 

pathway* 

Rat femur A 
#
 Rat femur B

#
 

1 9.55mm 10.30mm 

2 9.53mm 10.24mm 

3 9.53mm 10.23mm 

4 9.56mm 10.24mm 

5 9.55mm 10.23mm 

6 9.51mm 10.22mm 

7 9.52mm 10.23mm 

8 9.54mm 10.23mm 

9 9.57mm 10.23mm 

* Random combinations of various directions and various distances around fracture 

area.  

# The distance between the second and third pin after each different reduction 

pathway in rat femur A and rat femur B 

Table 4-6: measurement after various robot reduction pathways; the pathway was 

set at random. 
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As to the reproducibility in terms of reduction times (table 4-5), in one-time reduction, 

the mean distance between the two pins was 9.62mm; in ten-time reduction, the mean 

was 9.60 mm. The standard deviation in paired difference was 0.07 mm, Paired Sample 

Test (P=0.529), showed no statistically difference between one-time reduction and ten- 

time reduction in terms of the distance between the two pins. 

 

As to the reproducibility in terms of reduction pathway (table 4-6), in rat femur A, the 

mean distance between the two pins was 9.54 mm, the standard deviation was 0.02 mm; 

in rat femur B, the mean was 10.24 mm, the standard deviation was 0.02 mm. There 

was no statistic difference among these various reduction pathways in femur A and 

femur B (One Sample Test P<0.01).  

 

 

Feasible study on the whole rat body 

 

Given the SD ( Sprague-Dawley) rats in certain size, four pins could be inserted into 

rat femur percutaneously and reproducibly. The external fixator could be installed 

effectively and the horizontal bars could be easily mounted and dismounted. The 

robot practiced rat femoral fracture reduction effectively. A new model for 

robot-assisted femur fracture reduction in rat model was established. 

 

The setup worked well on the whole rat body, and it was also convenient to carry out 

the measurement and fluoroscopy. Table 4-7 presented the data of the measurement of 

the distance between the second and the third pin. The immediate displacement of the 

fragment after fracture was quite limited, ranged from 0 to 0.2mm in terms of the 

alteration of the distance between the second and the third pin. No obvious 
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angulations were observed in fluoroscopy imaging. The robotic manipulation was 

highly reproducible; the deviation was around 0.02mm, the same as the precision of 

robot arm and digital caliper. 

 

Table4-7:  Distance between the two pins on whole rat body while robotic reduction 

Rat femur Before fr. After fr. One robotic 

reduction 

Ten-time 

robotic 

reductions 

15-time 

robotic 

reduction 

1 9.64mm 9.61mm 9.61mm 9.65mm --- 

2 9.76mm 9.70mm 9.71mm 9.71mm 9.72mm 

3 9.99mm 9.97mm 9.97mm 9.98mm 9.98mm 

4 10.20mm 10.40mm 10.41mm 10.39mm 10.41mm 

5 10.05mm 10.23mm 10.22mm 10.23mm 10.21mm 

6 9.78mm 9.60mm 9.60mm 9.58mm 9.60mm 

 

 

 



- 49 - 

                    

Discussion 

 

Femoral fracture reduction 

 

Excessive manipulation of unstable fractures has been found to significantly increase 

the incidence of pulmonary complications and organ failure [47-49]. Fracture 

haematomas appeared to be a potentially important source of immuno-modulatory 

cytokines, which might remain local to the injury if undisturbed but could be released 

systemically if the fracture was manipulated excessively.[16, 17, 50] 

 

Robotic surgery offers potential advantages in fracture treatment. It should be highly 

accurate and is able to repeat identical motions. Fracture fragments can be reduced 

through a direct, damage limiting path with fine-tune adjustment[45] and 

reconstruction techniques can then be computer guided. However, the question 

remains, does this robotic fracture reduction method have any benefit in terms of less 

tissue damage and associated improvements in vivo?  

 

The correlation between prolonged procedure of reduction process for femoral shaft 

fractures and the systemic inflammatory response is not only a common problem in 

orthopaedic and trauma surgery but also very specific for future robotic applications. 

Every orthopaedic or trauma surgeon performing this procedure should be aware of the 

additional trauma. The specific aspect is to evaluate whether a robotic integration into 

the reduction process represents an advantage to the manually performed procedure. 

This will be decisive for future application of a robot in the operation room. 
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Prior to answering the above question, an appropriate animal model for such 

investigation is necessary. The aim of this study was therefore to establish a new model 

for robot- assisted femur fracture reduction in the rat model, with an emphasis on 

minimal tissue invasion. The rat was chosen, because it is the most widely studied 

animal. This model will then allow investigation of the effects of robotic fracture 

reduction on the systemic inflammatory response 

 

Experimental animal 

 

The morphological and biomechanical characteristic of rat femur is seldom addressed 

in the literature [51]. This is the reason we decided to study on the morphology of rat 

femur. We found that the anatomy of rat hind limb was very similar to that of the 

human being, which was also be found in another study[52]. It meets the requirement 

of similar principle in experimental model. 

 

To our best knowledge, this study is the first attempt at establishing an animal model 

for robotic assisted fracture reduction. An animal model is necessary to understand the 

physiological basis of robotic surgery, as well as the endocrinological, immunological, 

and even the influence of the doctor-patient relationship on the outcome of robotic 

surgery. Only a complex organism of a living animal allows an investigation of 

systemic response. Therefore the experimental animal should be a laboratorial animal 

well known in terms of physiology and immunology, Rat is the most studied subject 

after human. Most of the commercial biochemical kits have been commercial 

specifically in rats. Its immunology has been widely studied in the trauma research[53]. 

Its fracture model was also widely used in the research of limb-length study[54, 55] 
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and in the bone-healing research[56-58]. In addition, compared to large animals, small 

animals are easier to handle, lower in costs, widely available and standardized. We 

therefore feel justified in designing our model around the rat. 

 

 

Control of robot 

 

A robotic system for a femoral fracture reduction usually needs several steps. Firstly 

create precise model and segmentation of the fracture part. Secondly navigate a 

fracture reduction path based on the fracture bone model. Thirdly assist fracture 

reduction operation. Next navigate a nailing path and the last is to assist nailing 

operation[45]. However, in such a small rat model, it is quite difficult to accomplish all 

these steps. Since we focused on the robotic reposition movement, the reduction 

software was designed to command the robot to find the trajectory back automatically, 

along which the robot arm was manually displaced previously, together with the distal 

fragment of rat femur. 

 

The key of the designed software was to instruct robot the trajectory, by which the 

robot arm had been displaced before by the operator’s hand. The robot could detect the 

trajectory and repeat it as often as needed. By this way, the situation of manual fracture 

reduction could be simulated (figure 5-1). It could be used to compare manual 

reduction (repetitive reposition) with the robotic reduction (one-way reposition).  
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Figure 5-1 the mechanism of the robot simulated manual reduction is illustrated.  

Top: the repetitive movement combined with various directions and various routes, 

conducted by robot, which was regarded as a manual reduction fashion. Bottom: one 

pathway, one-time reduction was the characteristic of the robotic reduction fashion. 

 

Connector 

 

A rigid connection between the fixator construction and the robot was essential. The 

risk of slippage or plastic deformation should be avoided. In this setup, the connector 

between the robot and fixator was press-fit designed (fig 3-14). Since we used such a 

small animal model, only very low loads were encountered, the connector was 

therefore rigid enough. 

 

From the data in this study, the Robotic reduction was shown to be effective and 

reproducible, no matter how many times the fracture reduction was repeated or how 

the reduction was achieved. This indicated that the connection between the fixator 

construction and the robot was rigid enough. Generally speaking, the deviation should 

be around 0.02mm, because both the robot arm and the digital caliper are precise to 

0.02mm. In the test for the reproducibility regarding to the reduction times, the 
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deviation was 0.07mm. Given the reliable data later, this could be explained by 

learning curve of digital caliper.  

 

Accuracy of robotic reduction on whole rat body 

 

The setup for the whole rat body was established. It was feasible and effective to 

perform this procedure on a whole rat body. It was also convenient to carry out 

fluoroscopy in two perpendicular planes and execute measurement on external fixator 

to evaluate the fragment alignment. Due to the pre-load of the whole construction, after 

fracture, both proximal and distal fragments would displace slightly. The distal part, 

which was connected to the robot, was able to find the initial position back by robot, 

however, the proximal part, which was connected to the table could not. The 

displacement measured in this study ranged from 0 to 0.2mm in terms of changes of 

the distance between the second and third pin before and after fracture. From the 

intra-operative fluoroscopy, it was also proven that no obvious angulations occurred. 

Considering the dimension of rat femur (around 37*5mm), this displacement was quite 

slight and thereby acceptable. 

 

In order to minimize the pre-load, careful and repetitive examination had been 

performed during the connection to the robot and table. Because a bending effect might 

create a fracture when one side was fixed and another side was pressed, the horizontal 

bar was maintained within the external fixator during connection; the bar was helpful 

in preventing fractures. 
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Surgical strategies 

 

To our knowledge, no information regarding to the minimally invasive surgery in a rat 

fracture and external fixation model was found in the literature. Normally, a large 

incision was made in rat limbs from the greater trochanter to the knee joint. Afterwards 

the deep superficial fascia was incised in line with the skin incision. The next step 

included the approach to the femur following the intermuscular plane between the 

vastus lateral muscle (anterior) and the biceps muscle( posterior). The periosteum of 

the femur was incised and split [51]. Such surgery would cause extensive fibrous tissue, 

high risk of infection, and huge hemorrhage, all of these would interfere with the 

investigation to the systemic and local response of fracture manipulation. 

 

In this study, we developed a novel surgical strategy. Closed instrumentation of the 

customized external fixator was developed and evaluated. The method of the 

controlled fracture was defined, which is more like a real fracture and with less 

damage. The advantages of this novel surgery are following. Firstly, according to the 

veterinary anatomy, there are two ascending vessels across the operation area[51], 

which is easily damaged. Percutaneous pin-insertion helps to avoid damage to these 

vessels. Secondly, avoiding damage to the surrounding muscles, particularly, avoid the 

interference of the muscles’ response along with fracture movement, because there was 

no pin penetrating into muscles. Thirdly, a standard fracture and standard reproducible 

surgery was important in animal fracture model.  

 

Small animal fracture model was widely used; however, the variance of biomechanical 
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characteristic of the fixation, which is allowed to be neglected in large animal, would 

have significant influence on small animals. The variance of small animal’s movement 

is also need to be taken into account. For these reasons, it is unreliable[59]. The 

surgical technique described in this study helps to reduce such biases, because it 

eliminates angulations between pins, increasing interfere surface, hence more stability. 

On the other hand, the controlled fracture is more like the real fracture and possible 

with less damage. Therefore, it is recommended that, once an external fixator in rat 

fracture model is considered, this novel surgical technique is a good alternative by the 

reasons of less damage and better biomechanical stability. 

 

External fixator 

 

External fixator in rat fracture has been widely studied. Within this setup, the fracture 

was to achieve reduction via an external fixator in all six degrees of freedom. In this 

particular external fixator, it should provide a handle for robot and the bar in 

framework should be removable. Since the experiment was a short time one (no more 

than one week), the biomechanical requirement that is always highly required in a 

small animal fracture model, is not a central problem, especially for the endurance 

strength. 

 

Since the rat is a four-legged animal; the femur is less axially loaded during walking. It 

has even been suggested that removal of the external fixator parts which control the 

axial movement would be tolerable in order to save weight of the external fixator [60]. 

From gait analysis in the rat, it was shown that vertical forces from the hind paw was 

about 50% of body weight[61]. Therefore, a 500g rat (5N) may subject the hind leg to 
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2.5N of vertical force on the externally fixated bone. It is reasonable to consider that 

the construction is stable enough under such force, and it hardly destroyed the 

bone-screw interface within in one week. From the literature which showed that the 

mechanical properties of a external fixator construct measurement in brass rods were 

the same as those in osteotomized rat femur[46], the construction was regarded stable 

in such a short time. 

 

We have demonstrated the first animal model for robot-assisted femur fracture 

reduction in the rat model. The rat is the most widely studied animal, most biochemical 

kits are commercially available in rats. Form this sense; this model can be used to 

investigate the systemic and local response of fracture reduction and other biochemical 

aspects. The study focused on the reproducible fracture manipulation and minimal 

invasion, because the initial aim is to use this model to study the systemic and local 

response of fracture manipulation, the reproducible facture manipulation stands for the 

reliability. Minimal invasion helps to minimize the bias. 

 

Limitations 

 

There are some limitations in our study. Firstly, the study was limited by small sample 

size, because it was a pilot feasible study, in the preparation for the next in vivo study. 

Secondly, it was limited by intra-observe errors. Although the digital caliper is precise 

to 0.02mm, which is close to the accuracy of robot arm, the proper use of digital 

caliper requires experiences. Thirdly, due to the pre-load of the whole construction, 

the complete anatomic reduction sometimes was unachievable, but the displacement 

was quite slight and acceptable.  
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Further study 

Further studies will be carried out in living animals with the purpose of investigating 

systemic response. Standardized repetitive movements of the robot will simulate 

prolonged manual fracture reduction. The robot arm in a single path movement will 

perform ideal reductions. Blood examinations after 3, 6, 12 and 48 hours will quantify 

lactate, hemoglobin, blood gas analysis, prostaglandin and serum urea. Immunological 

investigations will include the cytokines IL-1beta, 6, 8, 10, TNF-alpha and MCP1. 

After 48 hours sacrifice will take place. After post mortem lavage, the lungs will be 

resected and a secondary immigration of neutrophils will be examined by a 

myeloperoxidase reaction. The fractured limb will be exarticulated and after coding 

subjected to blinded histopathological examinations. 
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 6 Summary: 

 

Previous studies suggested that fracture manipulation could cause systemic and local 

damage. The biomechanical events during fracture manipulation may play an 

important role. However, this kind of damage and the related mechanisms have not yet 

been evaluated.  

 

Nowadays, robots have the potential to create a single path, one-time fracture reduction 

with fine-tune adjustment. This offers the potential for a truly minimally invasive and 

minimally disruptive fracture manipulation.  

 

Rat is the most widely studied animal, in which most biochemical kits are available. 

This is the pre-condition for some biochemical tests. Therefore it is justified to connect 

robot with rat to investigate the inflammatory response during fracture reduction. The 

aim of this study was to establish a new model for robot- assisted femur fracture 

reduction in the rat model.  

 

Dead rats (6-month SD Sprague-Dawley rat) were used. With a 4-hole drilling guide, 4 

half-thread pins (1.2mm) were inserted into each rat femur percutaneously and a 

controlled fracture was created between the second and third pin. A specially designed 

external fixator was installed, which offered a handle for a robot arm. The Robot 

system (Robot Stäubli RX 90) was employed to manipulate the fracture fragment.  

 

Robot software was purposely designed to instruct robot the trajectory, along which the 

robot was manually displaced previously. And the robot was ordered to repeat it as 
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often as needed. In addition, the real situation of the manual fracture reduction could 

also be simulated by this way. 

 

Connector between the robot and fixator was designed and tested. The reproducibility 

of this robotic reduction was evaluated in terms of different reduction times and 

various reduction pathways as well. 

 

This setup for the whole rat body was also evaluated, it was feasible, effective and 

convenient to carry out fluoroscopy in two planes and execute measurement on 

external fixator to evaluate the fragment alignment.  

 

It was a pilot feasibility study, in preparation for the next in vivo study, which will be 

carried out in living rat with the purpose to investigate systemic response of fracture 

manipulation. To our knowledge, this is the first animal model for robotic assisted 

fracture reduction. A reproducible and minimal invasive rat femoral fracture model for 

robot-assisted fracture reduction was established. 
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8  Abbreviation 

 

FR       fracture reduction 

SIR      systemic inflammatory response 

FE fat emobilzation 

FH fracture hematoma 

IN intromedullary nailing 

MIS Minimally invasive surgery 

PMN Polymorphonuclear Neutrophil  
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9 Tables: 

Table 4-1 initial morphology measurement 

Rat femur Length (cm)* Diameter 1 (cm)# Diameter 2 (cm)# 

1 3.41 0.29 0.45 

2 3.34 0.35 0.45 

3 3.33 0.30 0.45 

4 3.33 0.30 0.45 

5 3.30 0.31 0.41 

6 3.13 0.25 0.41 

7 3.05 0.22 0.33 

8 3.00 0.29 0.38 

9 3.02 0.22 0.33 

10 3.00 0.28 0.35 

11 2.90 0.27 0.35 

12 2.90 0.28 0.36 

13 2.91 0.25 0.33 

14 2.95 0.30 0.36 

15 2.98 0.27 0.35 

16 3.17 0.28 0.40 

17 3.35 0.35 0.45 

18 3.36 0.30 0.45 

19 3.22 0.30 0.41 

20 3.37 0.26 0.41 

* The distance from the femoral head to the lowest point of the intracondyler fossa 

# The Diameter at the distal 1/3 of the rat femur in two planes 
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Table4-5 reproducibility in terms of reduction times 

 

 

 

 

 

 

 

 

 

 

*The distance between the 2nd and 3rd pin after one-time reduction and ten-time 

reductions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rat femur One-time reduction* Ten-reduction* 

1 10.12mm 10.04mm 

2 9.93mm 9.95mm 

3 9.58mm 9.52mm 

4 8.91mm  8.99mm 

5 8.29mm 8.23mm 

6 10.13mm 10.18mm 

7 9.91mm 9.94mm 

8 10.12mm 10.01mm 
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